brafish pronephros is a well-established model to study glomerular development, structure, and function. A few methods have been described to evaluate glomerular barrier function in zebrafish larvae so far. However, there is a need to assess glomerular filtration as well.
glomerular filtration; in vivo observations; kidney; pronephros; zebrafish GENOME-WIDE CLINICAL SCREENINGS have produced numerous gene candidates that are currently being discussed for their relevance as risk factors for chronic kidney disease (5) . Validating such candidates in mouse knockout models, however, is an expensive and time-consuming task. It would therefore be of great interest to establish a rapid screening method that is easy to handle, accurate, and dependable. The zebrafish seems to ideally fulfill this request. The zebrafish pronephros contains a single glomerulus that is structurally identical to mouse and human glomeruli and is fully developed after 3-4 days (1, 6) . Moreover, its high reproduction rate and the possibility of knocking down specific genes via injection of morpholino oligonucleotides (MOs) make the zebrafish ideally suited for rapid screening experiments. Being highly transparent, the zebrafish larva is a powerful model for microscopy-based in vivo analysis of the integrity of the glomerular filtration barrier. However, whereas routine assays of fluorescent dextran clearance have been established for the mouse (12) , the same degree of reliability has yet to be reached working with zebrafish larvae.
In most studies, defects of the filtration barrier in zebrafish are determined only qualitatively by detecting 500-kDa dextran within epithelial cells of the pronephric tubule in fixed sections (6) . However, it has been shown that the clearance of fluorescent 70-kDa dextran can be observed and analyzed in living zebrafish by quantitative imaging (4) . We propose that the analysis of quantitative dextran clearance can be improved by measuring the mean fluorescence intensities in large vessels, e.g., the dorsal aorta or cardinal vein. Furthermore, attention has been focused on glomerular barrier function so far, whereas glomerular filtration in zebrafish as a phenotype after gene knockdown has remained largely unexplored. The clearance of low-molecular-weight dextran from the circulation appears to be well suited for the assessment of glomerular filtration (7) . In the present study, we demonstrate that quantification of fluorescence intensities by confocal microscopy in the cardinal vein allowed us to determine the clearance of injected 10-and 500-kDa dextrans from the circulation to simultaneously assess glomerular filtration and barrier function in live zebrafish larvae.
MATERIALS AND METHODS
Zebrafish stocks. Zebrafish were grown, mated, and maintained at 28.5°C, according to standard protocols (9) and as previously described (7) . Zebrafish husbandry and experiments on larvae were performed in accordance with German animal protection law overseen by the agencies of the Federal State of Mecklenburg-Pomerania. Embryos were kept and handled in E3 solution. Zebrafish larvae of the AB strain were used for the quantification of dextran clearances from the vasculature. In addition, we observed the clearance of an endogenously expressed fluorescent plasma protein. As we have recently shown, imaging of the zebrafish pronephros is greatly improved in transparent zebrafish mutants (2) . Therefore, we crossed the transparent zebrafish casper (10) with the transgenic l-fabp:DBP-EGFP zebrafish line, in which vitamin D-binding protein (DBP) coupled to enhanced green fluorescent protein (EGFP) is expressed in the blood plasma (11) . In the text, this zebrafish line is referred to as the CADE [Tg(Casper; l-fabp:DBP-EGFP)] line.
Dextran microinjection and confocal microscopy. Tricaine (SigmaAldrich, Munich, Germany) at a concentration of 0.1-0.5% (in E3 solution) was used to anesthetize larvae before microinjection and microscopy. Larvae at 4 days postfertilization (dpf) were injected with a 1:1 mixture of 20 mg/ml Alexa fluor 647-conjugated 10-kDa dextran and 10 mg/ml FITC-conjugated 500-kDa dextran (Invitrogen, San Diego, CA) dissolved in PBS. About 6 nl of the solution were injected into the caudal vein using Femtotips micropipettes (Eppendorf, Hamburg, Germany). After recovery in E3 medium for 40 min, larvae were anesthetized again. For confocal microscopy, a Leica TCS SP5 (Leica Microsystems, Wetzlar, Germany) was used, and larvae were positioned on their sides in a glass-bottom petri dish. The vasculature, pronephric tubule, and cloaca were imaged over time to study the distribution of injected dextrans. For the quantitative analysis of dextran clearance (see below), image stacks of the dorsal aorta and cardinal vein caudal of the swim bladder were recorded for both fluorescence channels at fixed time points after injection. Between recordings, larvae were transferred to E3 medium at 28°C for recovery. We used a ϫ20 water-immersion objective (HCX PL APO 20x/0.7) and a step size of 630 nm.
MO-mediated knockdown. MOs were designed by Gene Tools (Philomath, OR). To target the 5=-untranslated region, including the start codon of zebrafish nonmuscle myosin heavy chain IIA (zMyh9) mRNA (ENSDARG00000063295), the following sequence was used: 5=-GAACTTCTCTGCGTCTGACATTTTG-3= (zMyh9 MO). To target the 5=-untranslated region, including the start codon of zebrafish apolipoprotein L1 (zApol1) mRNA (ENSDARG00000007425), the following MO was used: 5=-CCTTATAAAAGGCCCACCTG-CATGA-3= (zApol1 MO). For control larvae, eggs were injected with standard control MO provided by Gene Tools with the following sequence: 5=-CCTCTTACCTCAGTTACAATTTATA-3= (Ctrl MO). MOs were diluted to a concentration of 1 mM. A volume of ϳ3 nl/zebrafish embryo was injected into the yolk at the two-to four-cell stage using a microinjector (Transjector 5246, Eppendorf).
Quantitative image analysis of intravascular fluorescence. Confocal image stacks were recorded with optimal contrast settings at the first time point. Later recordings were done without changing the initial settings. Each image stack was transformed into a two-dimensional image using the maximum intensity projection algorithm, which selects for each xy-position the pixel with the highest intensity along the z-profile of the stack. Fluorescence intensity was measured in the dorsal aorta or cardinal vein by defining regions of interest using ImageJ software (version 1.47i, National Institutes of Health). Care was taken to place the regions of interest outside of bright speckles, most likely reflecting dextran taken up by endocytosis. For quantitative analysis of the fluorescence intensities over time (cf. Figs. 4 and 5), confocal image stacks were recorded at 3, 6, 10, and 24 h. Fluorescence intensities at 3 h were set to 100% for each zebrafish larva. Data are presented as means Ϯ SE. Figure 1A shows a zebrafish larva at 4 dpf, anesthetized and positioned on its side for imaging. Larvae were anesthetized for brief imaging periods of 5-10 min only and transferred to E3 medium between recordings taking place at several time points after injection. Alexa fluor 647-conjugated 10-kDa dextran (20 mg/ml) was mixed 1:1 with FITC-conjugated 500-kDa dextran (10 mg/ Dextran signals in the pronephric tubule, anal fin, and outflow from the cloaca. A: Alexa fluor 647-conjugated 10-kDa dextran reached the pronephric tubule earlier than 45 min after injection and was visible within the tubular lumen (arrow) and inside tubular epithelial cells. After 3 h, the luminal signal had diminished considerably, indicating that most of 10-kDa dextran was removed from the blood stream. FITC-conjugated 500-kDa dextran was absent from the tubule at all time points. B: both dextrans diffused into extravascular tissues, such as the fins (the arrow marks the anal fin). The 10-kDa dextran signal in the fins was strong at the beginning and decreased over time. The 500-kDa dextran signal in the fins reached a maximum at 10 h after injection and declined slowly over time. C: beginning at 45 min after injection, outflow of 10 kDa dextran could be observed at the cloaca, in contrast to 500-kDa dextran. ml) and injected into the caudal vein. The dyes were chosen for their completely separate spectra, thus avoiding any risk of channel cross-talk or dye energy transfer. After injection, the complete vasculature was fluorescent in both channels (Fig. 1, B-D) .
RESULTS AND DISCUSSION

Distribution and excretion of dextrans.
As a result of filtration, 10-kDa dextran was present within the pronephric tubule, and fluorescent outflow could be seen at the cloaca (Fig. 2, A and C) . Due to endocytosis, 10-kDa dextran could be detected within tubular epithelial cells (arrow in Fig. 2A) . At the same time, 10-kDa dextran started to accumulate in the tissue of the tail region (Fig. 2B ) and in distinct spots around the vascular lumen. After 24 h, the vasculature was cleared of 10-kDa dextran, leaving only isolated spots of high fluorescent intensity where it was internalized. 500-kDa dextran did not show in the pronephric tubule, within tubular cells, or at the cloaca at any time (Fig. 2, A and  C) . However, a noticeable drop in the fluorescence signal intensity within the vasculature could be detected within the first few hours, continuing until the last measurement. Simultaneously, 500-kDa dextran began to appear in extravascular tissues (Fig. 2B) . It was never internalized by tissue within the region that was used for quantification (box in Fig. 1B) . In both channels, a clear signal could be found in the fins at different times (Fig. 2B) . 10-kDa dextran was present in the fins at 45 min after injection. Its signal intensity gradually dropped during later measurements, being compatible with an equilibrium between intra-and extravascular spaces. The 500-kDa dextran signal maintained high intensity in the fins between 3 and 10 h, decreasing slightly at 24 h after injection.
Vascular clearance of dextrans in zebrafish larvae with intact glomerular function. For a reliable quantification of fluorescent intensities in long-term imaging experiments, it is important to choose an appropriate region of interest. We decided to focus on a section of the dorsal aorta and cardinal vein directly caudal of the swim bladder (box in Fig. 1B) . Use of this region combines several advantages: it is easily recognizable, allowing for highly reproducible measurements at different time points, it is largely invariant to small shifts in specimen positioning and to changes due to growth during long-term measurements, and it contains two large blood vessels. This provides a large luminal area for quantitative measurements, decreasing the error of mean values. Furthermore, these vessels are close to the surface but far from the tail region, where 10-kDa dextran is concentrated in bright spots due to internalization by surrounding tissues.
Ten zebrafish larvae at 4 dpf were prepared, and the region of interest was imaged as described above at several time points (Fig. 3) . As expected, the Alexa fluor 647 intensity of 10-kDa dextran dropped faster than the FITC intensity of 500-kDa dextran, especially at later stages, approaching zero after 24 h. FITC fluorescence intensities dropped to a level of ϳ70 -80% of the starting value after 3 h, approaching a plateau later on. Since we could detect filtration of 10-kDa dextran only, we conclude that the loss of 500-kDa dextran from the vasculature is due to a very slow distribution into the extravascular space. In contrast, the distribution phase of 10-kDa dextran seems to be completed within several minutes. The different timescales of dextran distributions are further supported by the different fluorescence intensities over time within the fin tissue (Fig. 2B) . 10-kDa dextran, which reached an equilibrium between intra-and extravascular spaces very fast, exhibited a strong signal in the fins at 45 min after injection, diminishing gradually as it was cleared from the blood stream. 
Ϫ19
The BLAST score was highest for apolipoprotein (APO)L3. The number of similar amino acids (positives) was highest for APOL1. 500-kDa dextran reached its maximum intensity in the fins only after 3-10 h, strongly supporting the notion of slow 500-kDa dextran distribution and late equilibrium.
Vascular clearance of dextrans in zebrafish larvae with glomerular dysfunction. To demonstrate the utility of our method to detect glomerular dysfunction, we measured the simultaneous vascular clearance of dextrans after knockdown of zMyh9 and zApol1, respectively. Mutations in MYH9 and APOL1 are associated with chronic kidney disease in humans (3, 8) . However, it remains unclear whether zMyh9 and zApol1 serve similar or identical functions in zebrafish. While humans possess seven members of the apolipoprotein L family, zebrafish possess a single apolipoprotein L protein, i.e., zApol1, bearing moderate homology to several members of the human apolipoprotein L family with the highest BLAST score for apolipoprotein L3 (Table 1 and Supplemental Material). 1 The vascular clearance of 500-kDa dextran in zebrafish larvae (4 dpf) remained unaffected by injection of zMyh9 MO (Fig. 4) . In contrast, the vascular clearance of 10-kDa dextran was significantly reduced compared with controls (injection of Ctrl MO or no injection). These findings are in agreement with those of our earlier study (7) , suggesting that knockdown of zMyh9 results in a reduced glomerular filtration rate but does not compromise glomerular filtration barrier function.
Knockdown of zApol1 resulted in a significant decrease of the intravascular fluorescence intensity of 500-kDa dextran over time (Fig. 5) . Twenty-four hours after injection of 500- Fig. 4 . Effect of zebrafish nonmuscle myosin heavy chain IIA (zMyh9) knockdown on glomerular function. A: whereas Alexa fluor 647-conjugated 10-kDa dextran was almost completely cleared after 24 h from the circulation of control larvae (4 dpf), it was retained in zMyh9 knockdown larvae. The vascular signal of FITC-conjugated 500-kDa dextran remained relatively stable over time in control (Ctrl) as well as zMyh9 knockdown larvae. B: fluorescence intensity measurements over time demonstrated reduced glomerular filtration but unaffected glomerular barrier function in zMyh9 knockdown larvae. MO, morpholino oligonucleotide. Data are means Ϯ SE of 4 larvae. Scale bar ϭ 50 m. kDa dextran, the fluorescence was practically lost. On the other hand, the decline of 10-kDa dextran fluorescence did not differ between zApol1 knockdown and control larvae. Thus, zApol1 knockdown results in compromised glomerular filtration barrier function, whereas glomerular filtration rate is maintained.
Vascular clearance of a plasma protein. Since knockdown of zApol1 has not been reported so far, we aimed to confirm our results by investigating the clearance of 78-kDa DBP fused to EGFP (DBP-EGFP), which has been reported to be unable to pass the intact blood-brain or blood-retina barrier (11) and to be retained by the glomerular filtration barrier (13) . To be able to image vascular and pronephric structures, we generated the transgenic zebrafish CADE line by crossing the transparent zebrafish line casper (10) with the transgenic zebrafish line that expresses DBP-EGFP in blood plasma (11) .
Knockdown of zApol1 resulted in the accumulation of DBP-EGFP in endocytic vesicles of the pronephric tubule in CADE zebrafish (arrows in Fig. 6 ), whereas DBP-EGFP was absent from the pronephric tubule in zMyh9 knockdown and control larvae. Intravascularly injected Alexa fluor 647-conjugated 10-kDa dextran, which passes the glomerular filtration barrier and is taken up in the pronephric tubule (cf. Fig. 2) , colocalized with DBP-EGFP in zApol1 knockdown larvae only (n ϭ 6; Fig. 6 ). These results demonstrate that DBP-EGFP is retained by the intact glomerular filtration barrier. Knockdown of zApol1, but not of zMyh9, compromises the glomerular filtration barrier, consistent with our vascular clearance results obtained with 500-kDa dextran. Leakage of DBP-EGFP through the glomerular filtration barrier in zApol1 knockdown larvae results in an elevated clearance of DBP-EGFP from the blood. Accordingly, the intravascular fluorescence intensity of DBP-EGFP was clearly reduced in zApol1 knockdown larvae compared with zMyh9 knockdown and control larvae (n ϭ 6; Fig. 7) . Our data demonstrate that intensity measurements of intravascularly injected, fluorescently labeled 10-and 500-kDa dextran over time allowed us to simultaneously assess filtration rate and filtration barrier function of the pronephric glomerulus in zebrafish in a quantitative way. Furthermore, we show that our method can be applied to detect alterations of glomerular filtration rate as well as alterations of glomerular barrier function. in the pronephric tubular epithelium after zApol1 knockdown. Transparent CADE zebrafish larvae (4 dpf), expressing DBP-EGFP in the circulation, were injected with Alexa fluor 647-conjugated 10-kDa dextran at 3 dpf to visualize the pronephric tubular epithelium (outlined in blue) due to uptake of the filtered dextran. DBP-EGFP was absent from the tubular epithelium in control and zMyh9 knockdown larvae. In contrast, DBP-EGFP was present in the tubular epithelium of zApol1 knockdown larvae, indicating leakage of DBP-EGFP through the glomerular filtration barrier. Note that knockdowns did not affect the morphology of tubules, which were imaged in vivo in somewhat differently orientated larvae. Scale bar ϭ 50 m. Fig. 7 . Reduced DBP-EGFP fluorescence in the vasculature of zApol1 knockdown larvae. The same area that was used for the quantification of fluorescence intensities of injected dextrans is shown in CADE larvae (4 dpf). Compared with control and zMyh9 knockdown larvae, the fluorescence signal of DBP-EGFP in the dorsal aorta and cardinal vein was strongly diminished in zApol1 knockdown larvae. Scale bar ϭ 50 m.
